The spatial and temporal variability of the marine boundary layer (MBL) over the southeastern Pacific is studied using high-resolution radiosonde data from the VAMOS Ocean-Cloud-Atmosphere-Land Study Regional Experiment (VOCALS-REx), lidar cloud measurements from the CALIOP instrument on the CALIPSO satellite, radio occultation (RO) data from the COSMIC satellites, and the ERA-Interim. The height of the MBL (MBLH) is estimated using three RO-derived parameters: the bending angle, refractivity, and water vapor pressure computed from the refractivity derived from a one-dimensional variational data inversion (1D-VAR) procedure. Two different diagnostic methods (minimum gradient and break point method) are compared. The results show that, although a negative bias in the refractivity exists as a result of superrefraction, the spatial and temporal variations of the MBLH determined from the RO observations are consistent with those from CALIOP and the radiosondes. The authors find that the minimum gradient in the RO bending angle gives the most accurate estimation of the MBL height.
Introduction
Composing more than 50% of the global cloud cover, marine boundary layer (MBL) stratocumulus clouds have significant radiative effects on Earth's radiation budget (Norris 1998; Bony et al. 2006; Hahn and Warren 2007; Wood 2012) . The widespread persistent MBL clouds usually occur in regions with a relatively cold sea surface temperature in the subtropics and midlatitudes [i.e., the southeastern Pacific, northeastern Pacific, and southeastern Atlantic (Wood et al. 2011)] , where largescale subsidence dominates. Over these regions, the MBL cloud-top height is usually well defined by the marine boundary layer height (MBLH). Because of a lack of high horizontal, vertical, and temporal resolution in situ and satellite data, accurate characterization of the MBLH, including its spatial and temporal (diurnal and seasonal) variability is difficult (Seidel et al. 2010; Chan and Wood 2013) . Bony et al. (2006) indicate that the poor representation of MBL clouds and their associated boundary layer processes in climate models leads to different cloud feedbacks among models. Cloud feedbacks are still one of the largest uncertainties in climate sensitivity studies.
Several studies (e.g., Sokolovskiy et al. 2006 Sokolovskiy et al. , 2007 Ao et al. 2012 , hereafter Ao 2012 Xie et al. 2012 , hereafter Xie 2012 and Guo et al. 2011) have demonstrated that the high vertical resolution (;50-100 m in the lower troposphere) global positioning system (GPS) radio occultation (RO) data obtained from the Formosa Satellite Mission 3 (FORMOSAT-3)/Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) are useful in detecting the MBL height. Although RO measurements are not sensitive to clouds, they are very sensitive to the vertical structure of temperature, pressure, and water vapor profiles associated with cloud layers. Such sensitivity is reflected in the sharp vertical gradients of bending angle and refractivity of GPS RO measurements.
Using JPL-processed refractivity and partial water vapor pressure profiles, Ao 2012 derived a global analysis of the MBLH. Sokolovskiy et al. (2006 Sokolovskiy et al. ( , 2007 Sokolovskiy et al. ( , 2011 and Guo et al. (2011) demonstrated that bending angles and refractivity profiles are also suitable to detect MBLH globally. These studies used different RO variables [bending angle (BA), refractivity (N), and water vapor (WV)] and different diagnostic methods [i.e., minimum gradient (MG) and break point (BP) method] to derive the MBLH. A comparison and consistent validation of the determination of the MBLH using RO data from these different approaches has not been done. Although von Engeln and Teixeira (2013) applied different approaches to European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) data (Dee et al. 2011) to define the global planetary boundary layer, no GPS RO data were used. Because of a lack of high vertical resolution in situ observations, most of the above studies compare their RO MBLH estimates with those derived from the ERAInterim water vapor profiles Guo et al. 2011) . Although RO-derived MBLH show similar patterns with those from ERA-Interim MBLH, their differences can be large (300-400 m) depending on locations and times.
Xie 2012 used high-resolution radiosonde observation (RAOB) data from the VAMOS Ocean-CloudAtmosphere-Land Study (VOCALS) Regional Experiment (VOCALS-REx), which occurred over the region defined as 58-408S and from 858W to the coast, from October to November 2008, to validate the JPL MBLH results. The estimates of the MBLH in Xie 2012 were systematically lower than those from high-resolution radiosondes. Long-term validation for the accuracy of the seasonal and interannual variations of MBLH derived from RO data is still not available.
Besides RO limb-viewing measurements, various nadir-viewing remote sensing techniques ranging from satellite infrared and microwave sounders and imagers (King et al. 1992) , oxygen A-band techniques (Koelemeijer et al. 2002) , reflected light-polarization measurements (Knibbe et al. 2000) , and lidar (Poole et al. 2003) have been used to estimate cloud-top heights. However, because of their coarse vertical resolution, nadir-viewing satellite sounders cannot usually provide accurate MBL heights (King et al. 1992; Platnick et al. 2003; Rossow and Schiffer 1999; Fetzer et al. 2004; Sherwood et al. 2004; Minnis et al. 2008; Chang et al. 2010 ). The detected cloud-top heights vary dramatically when different satellite remote sensing techniques are used and may contain more than 50% uncertainty when comparing with lidar results (Minnis et al. 2008; Chang et al. 2010) .
Among the nadir satellite remote sensing techniques, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite provides the most reliable cloud-top height information for various types of clouds Minnis et al. 2008; Chang et al. 2010; Wu et al. 2008) , although its temporal and spatial coverage is not as high as those from satellite infrared sounders. CALIOP is a two-wavelength (532 and 1064 nm) polarizationsensitive lidar with a footprint of approximately 90 m that provides high-resolution vertical profiles of aerosols and clouds Winker et al. 2007) . CALIPSO is in a 705-km sun-synchronous polar orbit with a local equator-crossing time of about 1330. The nadir-viewing CALIOP produces footprints every 333 m along the ground and a 16-day repeat cycle ). The cloud-top layer determined by CALIOP has been intensively validated by in situ observations and the accuracy of CALIOP cloud-top height is within 100 m .
Using the CALIOP level 2 cloud-top layer product ranging from the sea surface to 2.5 km, Wu et al. (2008) constructed a global MBL cloud-top height climatology. The global mean MBL cloud-top height is generally between 1 and 1.5 km. The global CALIOP data provide a unique opportunity to validate the RO-derived MBLH in regions dominated by MBL clouds.
The objectives of this study are to use nearly collocated CALIOP cloud-top height observations to quantify the uncertainty of the MBLH derived from three different RO variables (BA, N, and water vapor pressure P w profiles) and different detection methods and to further quantify the uncertainties of the spatial, diurnal, and interseasonal variability of the MBLH. As in Xie 2012, our comparisons focus on the subtropical southeastern Pacific VOCALS field experiment region (i.e., 158-258S, 708-858W; see Xie 2012) . This is to avoid the possible cloud heterogeneity (i.e., broken clouds) for RO-CALIOP pairs and to use the high-resolution radiosonde datasets that are available from the VOCALS-REx region. Independently derived University Corporation for Atmospheric Research (UCAR) COSMIC RO variables are used to derive the MBLH and are compared to those from nearby (in space and time) CALIOP data. COSMIC data are collocated with CALIOP data during the period September 2007-March 2010, a period when COSMIC is producing 1500-2000 profiles per day. This is to ensure that there will be at least 5 RO-CALIOP pairs per month falling into the VOCALS region (see section 5). In addition, to quantifying the diurnal variability of the RO estimates of MBLH, we also compare them with the high-resolution radiosonde data used by Xie 2012. Because the UCAR inversion algorithms, especially in the lower troposphere, are different from those of JPL (Ho et al. 2009a (Ho et al. , 2012 , the results here can also be used to independently verify results from Xie 2012. This detailed comparison will help to refine the RO MBLH detection method and help to quantify the uncertainty of RO-estimated MBLH over other regions.
In section 2, we describe the datasets used in this study as well as the MBLH detection methods using RO. In section 3, we compare the RO-detected MBLH from September 2007 to March 2010 with those from nearby CALIOP data. Vertical distributions of RO bending angles and refractivity profiles above and below the MBLH are also shown in section 3. The RO-derived MBLH and high-resolution radiosonde data are compared in section 4. The longitudinal, diurnal, and seasonal variations of RO-derived MBLH are compared with those from the radiosonde and CALIOP data, respectively, in section 5. We conclude our study in section 6.
Data and methodology

a. Data
1) COSMIC RO DATA
The COSMIC mission is described by Anthes et al. (2008) . The RO data (atmPrf and wetPrf) used in this study (V2010.2640) are downloaded from COSMIC Data Analysis and Archive Center (CDAAC) (http://cosmicio.cosmic.ucar.edu/cdaac/index.html). A sequence of processing steps is used to invert excess phase measurement to retrieve atmospheric variables, including bending angle, refractivity, pressure, temperature, and geopotential height. The details of the CDAAC inversion algorithms are described in Kuo et al. (2004) and Ho et al. (2009a Ho et al. ( , 2012 . Recent RO applications for weather forecast and climate can be found in Anthes (2011) and Ho et al. (2009b Ho et al. ( , 2014 . The vertical resolution of the RO bending angles is about 50 m in the lower troposphere.
The refractivity profile is obtained by applying an Abel inversion (a numerical integration) to the optimized bending angle profile. With open-loop tracking, COSMIC receivers generally track RO signals with sufficient signal-to-noise ratio (SNR), which results in profiles generally reaching lower than 2-km altitude (Sokolovskiy 2001; Ao et al. 2009 ). In a neutral atmosphere, the refractivity N is related to pressure P [millibar (mb); 1 mb 5 1 hPa], temperature T (kelvin), and water vapor pressure P w (millibar), according to (Bean and Dutton 1968) :
N 5 77:6 P T 1 3:73 3 10 5 P W T 2 .
(1)
To resolve P, P w , and T from N is an underdetermined problem. In CDAAC, first guesses of P, P w , and T information are obtained from ERA-Interim (Dee et al. 2011) interpolated to the COSMIC sounding times and locations. The first guess is then used in a onedimensional variational data inversion (1D-VAR) algorithm (http://cdaac-www.cosmic.ucar.edu/cdaac/doc/ documents/1dvar.pdf) to calculate the RO estimate of T, P, and P w . Estimates of the accuracies of the COSMIC-derived water vapor profiles and total column water can be found in Ho et al. (2010a,b) . Note that the vertical resolution of COSMIC-derived water vapor profiles in the troposphere may depend on the correlation length of the predefined background covariance matrix and vertical smoothness of the refractivity data, which may affect the MBLH detection (see more discussion in section 6). Superrefraction (SR) may also affect the refractivity retrievals in the lower troposphere, which in turn affects the T and P w retrievals. The data in CDAAC atmPrf files have a physical resolution of about 50-100 m, but they are sampled on a grid of about 5 m. In this study, we resample the CDAAC atmPrf bending angle and refractivity profiles with a vertical grid of about 50 m. The water vapor profiles are from CDAAC wetPrf, with a vertical grid of about 100 m.
2) CALIOP DATA
CALIPSO is a NASA Earth science mission that launched on 28 April 2006. CALIPSO carries lidar and passive sensors to obtain unique data on aerosol and cloud vertical structure and optical properties. CALIOP provides unprecedented details of the vertical structures of clouds and aerosols (Powell et al. 2009; Winker et al. 2007 Winker et al. , 2009 ). Wu et al. (2008) confirmed that the global MBL cloud-top height can be derived from the CALIOP level 2 aerosol and cloud layer products. The CALIOP level 2 cloud 1-km layer products (V3.01) are used in this study. These data have been validated by independent measurements Kim et al. 2008; Liu et al. 2011; Powell et al. 2010 ). The dataset is downloaded from the NASA Atmospheric Science Data Center (https://eosweb.larc.nasa.gov/ project/calipso/cal_lid_l2_01kmclay-valstage1-v3-01_table).
3) TEMPERATURE AND MOISTURE PROFILES FROM R/V RONALD H. BROWN RADIOSONDES
RAOB data from the NOAA Research Vessel (R/V) Ronald H. Brown from October-November 2006-08 are used as independent MBL verification data. The R/V Ronald H. Brown (RB) radiosonde system measures atmospheric temperature and moisture, pressure, and height information about every second with a vertical resolution of 5-10 m. The RAOB data are downloaded from the NOAA ESRL website http://www.esrl.noaa. gov/psd/psd3/cruises. Most of the soundings were launched every four hours between 188-228S and 858-72.58W. To define the MBLH from this dataset, we use temperature, moisture, and pressure data to first compute the refractivity using (1) above. We apply the MG method to the RAOB refractivity profiles to determine the MBLH (MBLH RAOB ).
b. MBL height detection using RO data
In this study, we apply the MG method (Sokolovskiy et al. 2006; Xie 2012) on COSMIC bending angle, refractivity, and water vapor pressure profiles, as well as the BP method (Sokolovskiy et al. 2006; Guo et al. 2011 ) on the refractivity profiles to define the MBL height. To remove sharp vertical structures between layers resulting from local perturbations, we first apply a 250-m window to smooth all the bending angle and refractivity profiles. The following procedures are used to detect the MBL heights: 1) MG method: To estimate the height of the MBL, we calculate the finite difference representation of the vertical gradient for each layer Z i 2 Z i21 by
where X(Z i ) can be either BA, N, or P w , i is level (levels are 50 m apart for bending angle and refractivity profiles, and 100 m apart for water vapor profiles), and Z is altitude. In the MG method, the MBLH is defined as the height of the minimum value of X 0 (Z i ) below 3-km altitude. Only RO profiles penetrating lower than 0.5 km are included. The same method is used in defining the MBL height based on water vapor pressure P w . The MG method was also used by Xie 2012 and 2) BP method: Sokolovskiy et al. (2006) and Guo et al. (2011) estimated the MBL height by finding the break point in the N profile [details can be found in Guo et al. (2011) ]. The BP method is used by the CDAAC to estimate the MBL height from RO profiles, defined as H on the CDAAC site, where H is reported as ''zbpnmax.'' The zbpnmax is the height of the point with maximum lapse of the slope of the sliding linear regression of N (Z) in two adjacent but not overlapping height intervals of 300 m. This is an approximation of the second derivative of the N profile and is the so-called break point in the profile. The height of the BP is always higher than the height of the MG. In addition, the BP method of MBLH determination is affected by random perturbations of the MBL top to a larger extent than the MG method, and this causes an additional high bias of the BP height compared to the MG height. This is illustrated in statistically averaged refractivity profile. The height of the MG in all three profiles is the same (1.0 km). However, the heights of the BP in the three profiles are 1.065 km (left thin line), 1.13 km (center thick line), and 1.115 km (right thin line), respectively; the height of the BP of the averaged local refractivity profile of 1.13 km is 40 m higher than the average of the heights of the BPs of the two thin lines (1.09 km). Thus, the bumpiness of the MBL top (which is caused by underlying convection) contributes to a positive bias of MBLH determined by the BP compared to that determined by the MG (see detailed comparisons in section 3).
Ao 2012 defined a vertical sharpness parameter
to characterize the sharpness of the MBLH. The variable X 0 min is the minimum gradient for either BA, N, or P w , and X 0 RMS is the root-mean-square value for X 0 from 0.5 to 3 km. A large sharpness parameter implies a welldefined MBLH. and 2-h window, only those RO-CALIOP pairs that contain more than 150 CALIOP pixels and where the standard deviation of the CALIOP cloud-top heights in the ensemble relative to its mean is less than 0.1 km are used. This is to reduce the possible cloud heterogeneity (i.e., broken clouds) for RO-CALIOP pairs. We found a total of 77 RO-CALIOP pairs that meet these criteria.
We applied the MG method to determine the MBLH for RO bending angles (MBLH BA ), refractivity (MBLH N ), and water vapor profiles (MBLH WV ). The BP method is also applied to compute the MBLH for the refractivity profiles (MBLH BP N ). The collocated MBLH CALIOP are used as references to quantify the uncertainty of the RO MBLH derived from different methods for different RO variables.
b. Vertical distribution of bending angle and refractivity profiles and the derived MBLH
The CALIOP cloud-top and cloud-base heights near the COSMIC occultation point (Fig. 2) are shown in Fig. 3a . The variation of the CALIOP cloud-top heights along the CALIOP track is small.
The vertical profiles of the bending angles and refractivities and their vertical gradients are plotted in Figs. 3b, Figure 3 illustrates the MBLH derived from the bending angle and refractivity using the MG method. The MBLH BA is very close to that of the averaged CALIOP cloud-top height (Fig. 3a) , which is a little higher than MBLH N . The mean cloudtop height from CALIOP is equal to 1.07 km where the MBLH BA is equal to 1.03 km, and the MBLH N (;0.88 km) is about 100-200 m lower than the MBLH BA .
The bending angle gradient profile exhibits two local minima below 1.5-km altitude; the cloud-top (MBL) height is the minimum with the largest magnitude that occurs near 1.0-km altitude. The second minimum occurs at around 0.5-km altitude, which is close to the average cloud-bottom height. In addition to the case shown in Fig. 3 , we have identified numerous cases of RO-CALIOP pairs in which the second minimum is very close to the average cloud-bottom height as long as the cloud thickness is larger than 300-500 m (not shown). Since we focus on the CALIOP cloud-top height and COSMIC MBLH comparison in this paper, we do not further discuss the second minimum identified in the vertical profiles of the COSMIC BA gradients. Figure 4 depicts another RO-CALIOP pair at 1750 UTC 10 February 2010, where the occultation point of the RO is at 24.28S, 858W, and CALIOP ensemble occurred at 1745 UTC and 0.1 km west of the RO occultation point. The CALIOP cloud-top height varies from 1.38 to 1.54 km within the 200-km and 2-h window, with the mean MBLH CALIOP equal to 1.43 km (Fig. 4a) . The corresponding MBLH BA is equal to 1.53 km, which is close to the highest point of the CALIOP cloud-top height significantly (a few hundred meters) higher than MBLH N and MBLH BA . This is commonly seen in most of the vertical gradient profiles (see section 3c). The slightly lower MBLH N compared to MBLH BA in both Figs. 3 and 4 is also commonly seen in this region (see section 3c). This may be owing to the negatively biased refractivity values below the MBL height under the SR condition in this region (see section 4).
Although not shown, we also compared the corresponding refractivity profiles derived from the ERAInterim interpolated to the RO location. With a lower vertical resolution than RO data, the ERA-Interim gradient profiles are smoother (sharpness value 1.5) than those from RO refractivity (sharpness value 1.79). The minimum gradient in the ERA-Interim refractivity profile occurs at 0.75 km, which is much lower than those in the RO data, in agreement with Xie 2012.
c. Statistical comparisons of MBLH from COSMIC
and collocated CALIOP cloud-top observations with the corresponding MBLH CALIOP , respectively. The mean bias, standard deviation to the mean bias, and the correlation coefficients are summarized in Table 1 . In general, the RO-defined MBL heights from bending angles, refractivity, and water vapor profiles are more similar to the CALIOP cloud tops than are the heights estimated from the break points in refractivity. The mean differences for MBLH BA To investigate how the spatial variability of the CALIOP cloud-top heights within the 200-km window could affect the above comparisons (reference case), we compute the mean biases and standard deviations for the MBLH BA -CALIOP, MBLH N -CALIOP, and MBLH WV -CALIOP pairs when the standard deviation for CALIOP cloud-top heights within the 200-km window is less than 0.2 km (greater tolerance for variability than the reference value of 0.1 km) and 0.05 km (less tolerance for variability). The results (Table 1) show that the mean bias for MBLH BA -CALIOP pairs for CALIOP standard deviation ,0.2 km (105 pairs) and CALIOP standard deviation ,0.05 km (33 pairs) are equal to 90 and 50 m, respectively. The correlation coefficient for MBLH BA -CALIOP pairs increases from 0.86 for CALIOP standard deviation ,0.2 km to 0.91 for CALIOP standard deviation ,0.05 km.
To further demonstrate how RO variables respond to atmospheric density variations associated with MBL clouds, Fig. 6 depicts the vertical distribution of bending angle gradient, refractivity gradient (also see Figs. 3b, 4b) , and water vapor pressure gradient with respect to the altitude of the corresponding CALIOP cloud-top heights (Z 0 ) for all the 77 RO-CALIOP pairs. Using the cloud-top altitude from CALIOP as a reference, each of the 77 COSMIC bending angle, refractivity, and water vapor pressure gradient profiles is shown in blue, the average is in red, and the average 61 standard deviation is in green. The standard error of the mean difference (SEM) at each vertical level is shown in red lines superimposed on the mean. The altitude above and below the cloud-top altitude from CALIOP is defined as Z 2 Z 0 .
The mean MBLH N and MBLH WV are slightly lower than that of MBLH BA , which is very close to the mean cloud-top height. The maximum gradient in all three parameters occurs near the cloud-top height, and the gradient decreases in magnitude rapidly above and below this height. This indicates that the RO variables are all very sensitive to the atmospheric density variations above and below the MBLH. These variations in vertical gradients of the RO profiles are consistent with those for the tropical convective systems studied by Biondi et al. (2012 Biondi et al. ( , 2013 .
Comparisons of COSMIC and radiosonde MBLH
Xie 2012 compared JPL RO refractivity-derived MBLH to those from collocated R/V Ronald H. Brown radiosondes (MBLH RAOB ). In this section, we compare the MBLH RAOB , which are computed from the radiosonde-calculated refractivity using the MG method and those from the independently derived UCAR bending angles to compare with Xie 2012. The MBLH derived from different RO variables are compared with the RB radiosondes collocated with COSMIC data in October-November from 2006 to 2008 during the VOCALS-REx within 3 h and 300 km to those from COSMIC. If there is more than one radiosonde profile that meets this time and space criteria, the closest RAOB in time and space is selected. A total of 27 RO-RAOB pairs are compared.
Very sharp inversions occur in all 27 radiosonde soundings. The inversion top is between 1 and 2 km, and the strength of the inversion is 10-15 K. The entire inversion layer is less than 100 m in thickness. The minimum vertical gradient of refractivity N in the radiosonde profiles exceeds the critical value for superrefraction of 2157 N units per kilometer (Sokolovskiy 2003) at the inversion in all cases. Thus we expect to see a negative bias in the refractivity (Xie et al. 2006) . Figure 7 shows an example of the vertical profiles of COSMIC bending angle, refractivity, and water vapor pressure and their corresponding gradients at 1959 UTC 23 November 2008. The corresponding profiles of the radiosondes and ERA-Interim are also shown. The COSMIC refractivities show a negative bias compared to the radiosonde values of N (assumed to be truth) below MBLH (Fig. 7b) . The layer of SR is responsible for the negative N bias below the inversion, which leads to a lower MBLH estimate. The same result was found by Xie 2012, although the reason was not explicitly explained. Because the RO refractivity is more sensitive to water vapor variations than to temperature in the lower troposphere (Ho et al. 2012) , negative refractivity biases lead to negative 1D-VAR water vapor biases immediately below the MBLH (Fig. 7c) .
Because the COSMIC N profiles and the RB radiosonde profiles are not at the same point; there is significant variability in space and time between the ''collocated'' pairs. These different locations and times are one source of the differences between COSMIC N and radiosonde N, but because the spatial and temporal variability of the MBL in this region is small (Liu and Liang 2010) , this should not be a primary reason for the differences that are present.
Scatterplots for COSMIC MBLH BA , MBLH N , MBLH WV , and MBLH BP N , compared to the corresponding MBLH RAOB are depicted in Fig. 8 . The mean COSMIC 2 RAOB MBLH difference for MBLH BA , MBLH N , MBLH WV , and MBLH BP N are equal to 0.03, 20.14, 20.14, and 0.26 km, respectively. The agreement between the MBLH computed from the minimum gradient in the bending angles (MBLH BA ) with the radiosondes (Fig. 8a) is especially close, as was the case with the comparison with CALIOP (Fig. 5a ). The break point method (Fig. 8d) gives the worst agreement with the radiosonde PBL height (PBLH), as was the case with the CALIOP comparison (Fig. 5d) . Overall, the results using the radiosonde and CALIOP as references are consistent and indicate that using the MG in the bending angle profile gives the best estimate of the PBL height. The vertical distribution of COSMIC bending angle, refractivity, and ERA-Interim water vapor pressure gradients relative to the corresponding cloud-top height derived from the radiosondes are shown in Fig. 9 . The average 61 standard deviation is in green where the SEM at each vertical level is shown in red lines superimposed on the mean. The mean MBLH from COSMIC N profiles is lower than that from COSMIC BA profiles, probably because of the SR in this region. The MBLH estimates from the ERA-Interim WV profiles are significantly lower than those from the radiosondes.
Longitudinal, diurnal, and seasonal MBLH variability in the southeastern Pacific VOCALS region
In this section, we compare diurnal and seasonal variations of the MBLH from the RO-RAOB pairs and RO-CALIOP pairs. The longitudinal distribution of MBLH from RO-CALIOP pairs and the diurnal, longitudinal, and seasonal MBLH variations using the full COSMIC dataset in the VOCALS region are also presented.
a. Diurnal variations in the MBL height
The combined effects of variations in radiation, entrainment, subsidence, and moisture and heat flux from below contribute to the diurnal variation of MBL cloud height. Combining in situ ship measurements, aircraft observations and satellite data, de Szoeke et al. (2012) indicated the diurnal cycle of the cloud top may vary from 1.2 to 1.5 km along 208S and 758-858W. We use the 27 RO-RAOB pairs described in section 4 to quantify the diurnal MBLH variation. All the RB RAOB data are collected along 208S from 758-858W. The RAOBs are launched throughout the 24-h day, so all the local times are included reasonably well. The RO-RAOB pairs are first binned into 3-h intervals (centered on 0000, 0300, 0600, 0900, 1200, 1500, 1800, and 2100 local time). Figure 10 depicts the diurnal variation of the binned MBLH BA and MBLH N with that from collocated MBLH RAOB . The MBLH derived from ERAInterim refractivity profiles interpolated at the time and location of the COSMIC data are also compared in Fig. 10 . To characterize the sampling uncertainty, we generate SEM for the MBLH RAOB , MBLH BA , MBLH N , and the MBLH derived from ERA-Interim refractivity profiles in Fig. 10 . Furthermore, because CALIOP passes the VOCALS region near 1330 local time every day, we also plot the mean of CALIOP cloud-top height for the RO-CALIOP pairs within 158-58S, 758-858W (35 pairs in total) in Fig. 10 .
There is a small but obvious diurnal variation in all the data, with a maximum between 0300 and 0600 local time and a minimum about 12 h later. The range is about FIG. 9 . As in Fig. 6 , but for the vertical distribution of (a) COSMIC bending angle gradient, (b) COSMIC refractivity gradient, and (c) ERA-Interim water vapor pressure gradients relative to the corresponding cloud-top height derived from the radiosondes (Z 0 ). The SEM at each vertical level is superimposed on the mean (short horizontal red lines). 400 m. This variation is consistent with the diurnal pattern described by de Szoeke et al. (2012) (their Fig. 8) . Also, though different in some details, the overall structure and magnitude of this variation are consistent with those found over the same region by use of the RO bending angle and water vapor profiles described by Sokolovskiy et al. (2011) . As we have seen in the other comparison data, the MBLH estimated from the bending angle (MBLH BA ) are closer to the radiosonde MBLH than the MBLH estimated from the RO refractivities, which tend to be 150-200 m lower than the radiosonde MBLH. The MBLH WV derived from ERA-Interim is 0.1-0.4 km lower than the collocated MBLH RAOB .
We also show the diurnal variation using all COSMIC data in the region (using MG of bending angle) in Fig. 10 . All COSMIC MBLH BA in the VOCALS region (defined for this purpose as 158-258S, 708-858W) for October-November 2006-08 are placed in hourly bins and plotted. More than 25 COSMIC MBLH BA data occur in each individual hour bin. We also add the line for all COSMIC MBLH BA in 3-h intervals in Fig. 10 , where more than 50 COSMIC MBLH BA data occur in each individual 3-h bin. In general, the hourly and 3-hourly mean COSMIC MBLH BA both show a diurnal PBLH variation (although the hourly data show more noise), with a maximum of 1.45 km (around 0600 local time) and a minimum of about 1.2 km (around 1200 local time), which is, in general, consistent with that from the MBLH RAOB . With more than 50 COSMIC samples used for computing the 3-h mean MBLH BA in the VOCALS region for October-November 2006-08, the SEM for the mean MBLH BA is less than 0.03 km.
b. Seasonal and longitudinal MBLH variations
Xie 2012 compared MBLH derived from COSMIC refractivity data at different longitudinal bins in VOCALS-REx with those derived from the RB radiosondes. Here we compare the seasonal and longitudinal MBLH variation from COSMIC and CALIOP using the 77 collocated RO-CALIOP pairs described in section 3. All the RO-CALIOP pairs are first placed in 18 longitude bins from 708 to 868W and then 38 means are computed. Figure 11 depicts the mean longitudinal variation of RO-MBLH CALIOP . Figure 11 shows that the MBLH BA , MBLH N , and MBLH CALIOP increase from around 1 km near 708W to 1.5 km at 858W. The day/ night sampling error and the possible south-north cloud-top height variation (cloud-top height is higher in the north) may explain a part of the estimate uncertainty. The MBLH BA from all COSMIC data between 158 and 258S are also binned in 18 longitude bins from 708 to 868W, and the 38 means are plotted in Fig. 11 . Figure 11 shows that the mean MBLH BA from all COSMIC data shows a similar east-west slope, with slightly higher values than the MBLH BA and MBLH CALIOP values, which occur along 208S. The mean MBLH BA equals about 1.3 km near 708W, increasing to about 1.6 km at 858W. Fig. 12 may still contain day/night sampling errors, but these are likely less than 60.2 km (estimated from Fig. 10 ). The MBLH from the ERA-Interim show a high correlation with the estimates from the RO and CALIOP data but a significant low bias of about 300 m. The 3-month running mean of MBLH BA from the full COSMIC dataset over the VOCALS region is also shown in Fig. 12 , where an obvious seasonal variation is evident. The peak of MBLH BA (;1.8 km) for the entire domain is in March, and the minimum mean MBLH BA (;1.3 km) occurs in September. With more than 50 COSMIC occultations in each month (not shown), the mean MBLH BA for the entire domain has smaller sampling errors. In general, the MBLH BA for the entire domain is 0.1-0.5 km higher than those from RO-CALIOP pairs.
Discussion and conclusions
The spatial and temporal variability of the MBLH over the southeastern Pacific is studied using radio occultation data from the COSMIC satellites, lidar cloud measurements from the CALIOP instrument on the CALIPSO satellite, and the ERA-Interim from September 2007 to March 2010 over the VOCALS region. A total of 77 RO-CALIOP collocated pairs are used in the comparison. To quantify the diurnal uncertainty of the RO estimates of MBLH, we also compare them with high-resolution radiosonde data. We draw the following conclusions on the RO-detected MBLH: 1) RO may be used to accurately determine the MBLH over the southeastern Pacific. The heights of the minimum vertical gradients of bending angle (BA), refractivity (N), and water vapor pressure (WV) are very close to those of collocated CALIOP cloud-top height. The RO-defined MBL heights from BA, N, and WV profiles using the minimum gradient (MG) method are more similar to the CALIOP cloud tops than are the heights estimated from the break points in refractivity; hence, the MG method is considered more accurate than the break point (BP) method. 2) The higher MBLH BP N relative to the MBLH CALIOP can be explained in part by the bumpiness effect of the horizontal variations of the top of the sharp inversion layer on the propagation of RO signals, as shown by Sokolovskiy et al. (2014) . This bumpiness does not affect the MG method. 3) Because the MBLH BA is sensitive to small local perturbations in density above the MBL cloud layer, the MBLH BA is usually close to the highest point of the corresponding CALIOP cloud-top height. Although we limited our RO-CALIOP pairs for CALIOP cloud-top heights with standard deviation ,0.1 km, the possible remaining cloud heterogeneity may still play a role in the RO MBLH uncertainty. 4) In the VOCALS region, the minimum vertical gradient of refractivity N in the radiosonde profiles exceeds the critical value for superrefraction of 2157 N units per kilometer at the inversion in all cases, resulting in superrefraction and a negative N bias. However, even with this negative bias, the spatial and temporal variations of the MBLH from BA, N, and WV using MG method are extremely consistent from those of MBLH CALIOP , as well as MBLH RAOB . The MBLH BA and MBLH N follow the seasonal variation of MBLH CALIOP very well. The MBLH from ERAInterim shows a high correlation with the estimates from the RO and CALIOP data but a significant low bias of about 300 m. The diurnal variation of the MBLH BA and MBLH N also closely follow those from the collocated MBLH RAOB . Although not shown, the sensitivity analysis demonstrated that the vertical resolution of COSMIC-derived water vapor profiles in the troposphere depends on the correlation length of the predefined background covariance matrix, which may lead to a slight lower MBLH. However, additional simulation analyses like those in Sokolovskiy et al. (2014) will be needed to further understand how the SR could affect the shape of vertical refractivity and water vapor profiles and, in turn, affect the derived MBLH. 5) The MBLH derived from the full COSMIC dataset over the VOCALS region from September 2007 to March 2010 also demonstrates clear diurnal, seasonal, and longitudinal MBLH variations. The relatively uniformly distributed COSMIC data over the southeastern Pacific (and VOCALS) provide additional MBLH information, which can be used with other satellites and in situ measurements to provide insights into the physics and chemistry of boundary layer processes in climate models, which are important to understand cloud feedbacks in models.
